Objective To compare the occurrence of spontaneous cerebral emboli and venous to arterial circulation shunts in patients with Alzheimer's disease or vascular dementia and controls without dementia. Design Cross sectional case-control study. Setting Secondary care old age psychiatry services, Manchester. Participants 170 patients with dementia (85 with Alzheimer's disease, 85 with vascular dementia) and 150 age and sex matched controls. Patients on anticoagulant treatment, patients with severe dementia, and controls with marked cognitive impairment were excluded. Main outcome measures Frequencies of detection of spontaneous cerebral emboli during one hour monitoring of the middle cerebral arteries with transcranial Doppler and venous to arterial circulation shunts by a transcranial Doppler technique using intravenous microbubbles as an ultrasound contrast. Results Spontaneous cerebral emboli were detected in 32 (40%) of patients with Alzheimer's disease and 31 (37%) of those with vascular dementia compared with just 12 each (15% and 14%) of their controls, giving significant odds ratios adjusted for vascular risk factors of 2.70 (95% confidence interval 1.18 to 6.21) for Alzheimer's disease and 5.36 (1.24 to 23.18) for vascular dementia. These spontaneous cerebral emboli were not caused by carotid disease, which was equally frequent in dementia patients and their controls. A venous to arterial circulation shunt indicative of patent foramen ovale was found in 27 (32%) Alzheimer's disease patients and 25 (29%) vascular dementia patients compared with 19 (22%) and 17 (20%) controls, giving non-significant odds ratios of 1.57 (0.80 to 3.07) and 1.67 (0.81 to 3.41). Conclusion Spontaneous cerebral emboli were significantly associated with both Alzheimer's disease and vascular dementia. They may represent a potentially preventable or treatable cause of dementia.
Introduction
Alzheimer's disease and vascular dementia account for 80% of all dementias; evidence exists of considerable overlap between the two, epidemiologically, clinically, and histopathologically. 1 Vascular risk factors such as hypertension, hypercholesterolaemia, diabetes, and smoking are implicated in both dementias, but the underlying pathophysiology remains uncertain. 2 Both Alzheimer's disease and vascular dementia are associated with carotid atherosclerosis, even in patients without symptoms of cerebrovascular disease. 3 Carotid disease is one potential source of spontaneous cerebral emboli (SCE) . Embolic signals will be detected on transcranial Doppler of the middle cerebral arteries, if monitored over several hours, in most patients with symptomatic or severe stenosis. 4 A large embolus may cause stroke or transient ischaemic attack, but repeated small asymptomatic emboli over many months or years may cause progressive cerebral damage. Microemboli entering the cerebral circulation during open heart surgery or carotid surgery have been associated with cognitive deficits and in particular memory loss. [5] [6] [7] [8] Valvular heart disease, atrial fibrillation, and paradoxical embolisation of venous emboli into the arterial circulation are other potential sources of SCE. 9 10 Atrial fibrillation has been shown to be a risk factor for dementia, 11 but the significance of paradoxical embolisation has not been explored. Paradoxical embolisation has recently been found to be associated with cryptogenic stroke in young adults, postoperative confusion after hip replacement, migraine, decompression sickness in scuba divers, and transient global amnesia. [12] [13] [14] [15] As venous emboli may enter the arterial circulation through a patent foramen ovale, other atrial-ventricular septal defects, or pulmonary arteriovenous fistulas, we prefer the term "venous to arterial circulation shunt" (v-aCS) to either patent foramen ovale or "right to left heart shunt. " We standardised a minimally invasive transcranial Doppler technique to detect v-aCS and did a pilot study in patients with Alzheimer's disease or vascular dementia. 16 17 SCE and v-aCS were more common in dementia patients than in community controls. We therefore set up this study to explore definitively the frequencies of SCE, carotid artery disease, and v-aCS in Alzheimer's disease and vascular dementia.
Methods
This was a case-control study, in which we individually matched patients with Alzheimer's disease or vascular dementia to controls of the same sex and age. All participants gave written, informed consent, and, in the case of patients with dementia, their carers were involved in the consent process.
Study subjects
Patients-We recruited patients who satisfied the Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV) criteria for dementia through a network of old age psychiatrists in Greater Manchester. We used the National Institute of Neurological and Communicative Disorders and Stroke-
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Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) criteria for Alzheimer's disease and the National Institute of Neurological Disorders and StrokeAssociation Internationale pour la Recherche et l'Enseignement en Neurosciences (NINDS-AIREN) criteria for vascular dementia. 18 19 We used neuroimaging by computed tomography or magnetic resonance imaging to help to allocate the diagnosis of "probable" Alzheimer's disease or "probable" vascular dementia.
Controls-We individually matched controls to dementia patients by sex, age, and geographical area of residence. For each patient, we identified six people from the same general practice list of the same sex and closest in age to the index patient. We sent study information to all six potential controls, and, from those replying, the researcher saw the closest in age to check eligibility and obtain consent. If a potential control was ineligible or refused consent, we approached the next closest in age. Controls were never duplicated within the same dementia group, but when we had difficulties with general practice or individual consent, we examined potential controls not recruited previously for another patient in the same or neighbouring practice and recruited the closest match by age. For each case, the respective control was from the same general practice (62/170, 36%) or from a general practice in a similar socioeconomic area of Greater Manchester (108/170, 64%).
Exclusion criteria-We excluded patients if they had a minimental state examination score of less than 10 (severe dementia, unlikely to be able to participate). 20 We excluded controls if they had a diagnosis of dementia or scored less than 24 on the minimental state examination (suggesting significant cognitive impairment or undiagnosed dementia). We excluded patients and controls who had severe aphasia, had an inadequate transtemporal window for transcranial Doppler insonation of the middle cerebral arteries, or were taking anticoagulant drugs.
Study assessments
We collected details on cardiovascular risk factors at interview with patients and their carers or with controls. We examined the psychiatric notes to verify medical and psychiatric history for cases. An independent clinician used the above criteria to diagnose Alzheimer's disease and vascular dementia. Technologists in the Vascular Studies Unit at South Manchester University Hospital independently investigated SCE, carotid disease, and v-aCS; they were not told the diagnosis but obviously could not be kept fully blind to dementia.
Spontaneous cerebral emboli
We detected SCE, thought to be particulate, by continuous transcranial Doppler insonation of the middle cerebral arteries through the transtemporal window for one hour. This was done before transcranial Doppler investigation of v-aCS, to avoid detecting air microemboli. The consensus on microembolus detection by transcranial Doppler advises that studies should report key technical parameters used in embolus detection (see appendix on bmj.com). 21 We used a Neuroguard (software version 2.9, Medasonics) transcranial Doppler with a 2 MHz pulsed wave Doppler probe. The output was recorded on digital tape for subsequent blind analysis by two trained vascular technologists. The same trained vascular laboratory staff observed patients throughout each one hour session and recorded any movement so that artefacts could be identified. We used international consensus criteria to define emboli: "Embolic signals should be transient (lasting < 300 milliseconds), at least 3 dB higher than the background blood flow signal, unidirectional, within the Doppler spectrum, and accompanied by an audible 'snap', 'chirp', or 'moan'." 22 Transcranial Doppler monitoring for SCE was unilateral (middle cerebral arteries with the best signal) in 111 (65%) of 170 dementia patients and 122 (72%) of 170 of their controls (P = 0.24). We found no association between the number of middle cerebral arteries monitored and detection of either v-aCS or SCE. Furthermore, adjustment for type of monitoring in the logistic regression analyses resulted in almost identical results to those obtained without adjustment.
Carotid artery disease
We used colour duplex ultrasound (ATL "Ultramark 9") to image carotid disease and used established criteria to calculate the severity of stenosis from the peak systolic velocity in the internal carotid arteries. 23 
Detection of venous to arterial circulation shunts
We used a standardised transcranial Doppler technique to detect v-aCS, with insonation of the middle cerebral arteries and intravenous injection of an emulsion of air microbubbles in saline as an ultrasound contrast medium. This is a minimally invasive technique that has been shown to be sensitive and specific to patent foramen ovale. [24] [25] [26] An 18 French cannula was inserted into an antecubital vein with the participant lying semirecumbent. Saline (8 ml), air (1 ml), and the patient's own blood (0.5 ml) as an emulsificant were mixed vigorously 12 times between two 10 ml syringes through a three way tap to create a microbubble emulsion that was then rapidly injected intravenously. Each emulsion, separated by intervals of at least one minute, was injected twice each while resting quietly; with provocation by coughing repeatedly during injection and for a further five seconds; and with provocation by a standardised Valsalva manoeuvre, blowing into a mouthpiece to maintain a pressure of 40 mm Hg immediately on injection and released by exhaling five seconds later.
Two trained vascular technologists counted microbubble embolic signals from the middle cerebral arteries. The study coordinator, who was blind to case or control status, verified the results by subsequent analysis of data tapes. The procedure was stopped if > 50 microbubbles were detected at rest or > 80 were detected after provocation. For participants who had unilateral monitoring of middle cerebral arteries, we duplicated the number of embolic signals to equate to bilateral monitoring. We based the criteria for "significant" v-aCS on our study comparing transcranial Doppler with the diagnosis of patent foramen ovale on transoesophageal echocardiography. 16 As we use a rigorously standardised protocol for provocation testing, we prefer the following definition of significant v-aCS to that of the International Consensus Committee. 27 We defined a significant v-aCS (criteria for patent foramen ovale) as transcranial Doppler detection of ≥ 15 embolic signals within 12 cardiac cycles of contrast injection. 16 We defined a "major" v-aCS as either > 50 embolic signals at rest or > 10 at rest and > 80 after provocation by coughing or Valsalva manoeuvre.
Power and statistical analysis
We found a v-aCS (any v-aCS) in 18 (51%) of the first 35 patients examined in our pilot study and used this as the basis for the power calculations. 17 As we would expect to detect a patent foramen ovale in 22-24% of normal people, 28 a sample size of 85 Alzheimer's disease and 85 vascular dementia case-control pairs would have over 80% power to detect differences of 25% or more between cases and controls, with an average odds ratio of 2.4, determined using a McNemar's test with a discordant pair rate ranging between 50% and 70%. We used nQuery Advisor 5.0 to derive the power calculations and SPSS release 11.5 and Stata version 8.0 to do statistical analyses.
We used McNemar's test, paired t test, and conditional logistic regression analysis to compare dementia patients with their matched controls for cardiovascular risk factors, the occurrence of SCE, carotid disease, and v-aCS. We used 2 tests and two sample t tests to assess the relation between SCE positivity and cardiovascular risk factors.
Results
We recruited a total of 170 patients with dementia (85 with Alzheimer's disease and 85 with vascular dementia) and 150 controls (tables 1 and 2). These included 22 dementia patients (17 Alzheimer's disease, 5 vascular dementia) and 15 controls reported in the pilot study. 17 Twenty controls were used for both Alzheimer's disease and vascular dementia patients. The mean age difference between cases and controls was 0.12 (SD 1.74) years.
Risk factors for cerebrovascular disease
Patients with Alzheimer's disease and vascular dementia had a similar profile of cardiovascular risk factors to their respective controls (table 3) , except for the more frequent history of stroke or transient ischaemic attack in vascular dementia patients compared with their controls (odds ratios 8.5 (95% confidence interval 2.0 to 36.8) for stroke and 21.5 (5.2 to 88.7) for transient ischaemic attack). Both Alzheimer's disease and vascular dementia patients also had lower body mass index than their controls. Compared with Alzheimer's disease patients, those with vascular dementia were more likely to have a history of stroke (P < 0.001), transient ischaemic attack (P < 0.001), antiplatelet drugs (P < 0.001), and hypertension (P = 0.01) and lower high density lipoprotein cholesterol concentrations (P = 0.03). These factors are all likely to lead a clinician to diagnose vascular dementia or, in the case of antiplatelet drugs, a consequence of that diagnosis.
Spontaneous cerebral emboli
In a single hour of transcranial Doppler monitoring, we detected SCE in 32 (40%) Alzheimer's disease and 31 (37%) vascular dementia patients compared with only 12 (15%) and 12 (14%) respectively of their controls (table 4). We detected two or more SCE in 17 (21%) Alzheimer's disease and 18 (21%) vascular dementia patients, and in 9 (11%) and 8 (9%)
Carotid disease
We detected moderate or severe ( > 50%) carotid stenosis in either internal carotid artery in 7/82 (8%) Alzheimer's disease patients and 20/78 (26%) vascular dementia patients compared with 13/82 (16%) and 26/78 (20%) of their respective controls (P = 0.14 and P = 1.0). We detected severe ( > 70%) carotid stenosis in none of the Alzheimer's disease patients, 6 (8%) vascular dementia patients, and 5 (6%) of both sets of controls (P = 0.06 and P = 0.74).
Venous to arterial circulation shunts
We detected a "significant" v-aCS in 27 (32%) Alzheimer's disease patients and 25 (29%) vascular dementia patients compared with 19 (22%) and 17 (20%) of their respective controls. The odds ratio was 1.57 (0.80 to 3.07) for Alzheimer's disease and 1.67 (0.81 to 3.41) for vascular dementia. Excluding participants reported in the pilot study gave odds ratios of 1.58 (0.77 to 3.26) for Alzheimer's disease (64 case-control pairs, 23 (36%) v 16 (25%), P = 0.21) and 1.50 (0.72 to 3.11) for vascular dementia (72 case-control pairs, 22 (31%) v 16 (22%), P = 0.28). We detected a "major" v-aCS in 16 (19%) Alzheimer's disease patients and 13 (15%) vascular dementia patients compared with 10 (12%) and 12 (14%) of their respective controls (P = 0.21 and P = 0.83).
SCE and cardiovascular risk factors
As expected, SCE were associated with all the major cardiovascular risk factors in controls (table 5). We found no such association in dementia patients, implying that SCE may be universal in dementia. We found a greater than 70% carotid stenosis in 4 (19%) of 21 SCE positive controls compared with only 6 (5%) of 124 controls who were SCE negative (P = 0.02), but the difference was not significant in patients with dementia. SCE 
Discussion
This study shows that spontaneous cerebral emboli are significantly more common in patients with dementia than in age and sex matched population controls. The frequency of SCE was similar in Alzheimer's disease and vascular dementia, which may explain the similarity in risk factors between these two dementias with differing final pathology.
1
Frequency and sources of SCE SCE may occur in carotid disease, especially in patients with symptomatic or severe disease; with several hours of monitoring, SCE can be detected in more than half of patients with > 70% stenosis. 4 29 Remarkably, the frequency of SCE during a single hour of monitoring in patients with dementia was 37-40%, raising the possibility that SCE would be detected in many more patients if they were monitored over several hours. As we found no significant association between carotid disease and SCE in these dementia patients, carotid atherosclerosis seems to be an unlikely source for most SCE in dementia. None of the study participants had clinically significant or uncontrolled atrial fibrillation, and we excluded everyone taking anticoagulant drugs. Undiagnosed atrial fibrillation would not explain the presence of emboli in almost 40% of dementia patients.
In controls, in whom SCE were less frequent, we found the expected and statistically significant association between cardiovascular risk factors and SCE. In dementia, SCE were much more common and were not associated with cardiovascular risk factors. Many of our emboli negative patients might have had emboli detected if they were monitored for longer, and no association with cardiovascular risk factors would exist if SCE were universal in dementia patients. Alternatively, other mechanisms such as inflammation could be involved in the pathophysiology of both SCE and dementia.
Are some SCE paradoxical?
We had insufficient evidence to conclude that any real difference existed in the frequencies of "significant" venous to arterial circulation shunt (patent foramen ovale) between patients with dementia and controls. Our study was not sufficiently powered, as we based the original power calculations on a pilot study done before v-aCS criteria for patent foramen ovale (significant v-aCS) had been worked out. 16 Percutaneous closure of patent foramen ovale is used increasingly for atrial septal aneurysms with multiple embolic events. The risks and benefits of patent foramen ovale closure are also being explored in other conditions, such as migraine, and in divers.
30
Limitations A possible limitation of our study was that vascular technologists could not be blinded to the case or control status of participants. This is unlikely to have biased our results, as we recorded transcranial Doppler sessions for subsequent blind analysis. We were also unable to compare data on health between participants and non-participants (those who refused consent), as we would have needed consent to get this information.
Although we asked about memory problems, and used an accepted cut-off score on the mini-mental state examination to exclude controls with significant cognitive impairment, 20 controls did not have further neuropsychological assessment to diagnose or exclude early dementia.
Cardiovascular risk factors
The distribution of cardiovascular risk factors was similar in dementia patients and their controls. Only a history of stroke or transient ischaemic attack was more common in vascular dementia than in controls and Alzheimer's disease patients. The likely explanation is that a history of cerebrovascular symptoms and infarcts on brain imaging would influence the clinician to diagnose vascular dementia rather than Alzheimer's disease. As the diagnosis of vascular dementia would usually lead to the prescription of antiplatelet drugs, this factor was also associated with vascular dementia. This study is the first to show an association between SCE and dementia. The similar frequency of emboli in both types of dementia suggests a common cause and shared pathophysiology. We are investigating whether SCE predict future cognitive decline in both dementia patients and controls.
Conclusion
Spontaneous cerebral emboli were significantly more frequent in both Alzheimer's disease and vascular dementia patients than in sex and age matched controls. They may be a potentially preventable or treatable cause of dementia.
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